This is Part II of a series of three papers which jointly address the combustion chemistry of furan and its alkylated derivatives 2-methylfuran (MF) and 2,5-dimethylfuran (DMF) under premixed low-pressure flame conditions. Some of them are considered to be promising biofuels. With furan as a common basis studied in Part I of this series, the present paper addresses two laminar premixed low-pressure (20 and 40 mbar) flat argon-diluted (50%) flames of MF which were studied with electron-ionization molecular-beam mass spectrometry (EI-MBMS) and gas chromatography (GC) for equivalence ratios =1.0 and 1.7, identical conditions to those for the previously reported furan flames. Mole fractions of reactants, products as well as stable and reactive intermediates were measured as a function of the distance above the burner. Kinetic modeling was performed using a comprehensive reaction mechanism for all three fuels given in Part I and described in the three parts of this series. A comparison of the experimental results and the simulation shows reasonable agreement, as also seen for the furan flames in Part I before. This set of experiments is thus considered to be a valuable additional basis for the validation of the model. The main reaction pathways of MF consumption have been derived from reaction flow analyses, and differences to furan combustion chemistry under the same conditions are discussed.
Introduction
As traditional fossil fuels are considered to be largely responsible for causing important degradation of air quality and for impacting global climate, there is an increasing interest to shift from petroleum-based fuels to biofuels [1] .
The potential of using 2-methylfuran (MF) as biofuel in engines has been demonstrated [2, 3] . In fact, MF has several advantages over smaller alcohols, such as ethanol. It has a high energy density (ca. 29 MJ/L, compared to ca. 21 MJ/L for ethanol and 27 MJ/L for 1-butanol), close to that of gasoline (ca. 32MJ/L). MF could also be produced from non-edible biomass [4] [5] [6] . Before using MF as a fuel, the fundamental understanding of its combustion chemistry is desirable. Particularly since oxygenated fuels are known to produce several carbonyl compounds as potential pollutants, little information is as yet available regarding undesired and potentially harmful products. The pyrolysis of 2-methylfuran was investigated in two earlier publications [7, 8] . Grela et al. [7] studied the very low-pressure (1 mTorr) pyrolysis of furan, MF and 2,5-dimethylfuran (DMF) in the temperature range 1050-1270 K. The reactant molecules were heated in a steady flow reactor and the products were analyzed by an online mass spectrometer. Lifshitz et al. [8] studied the decomposition of MF behind reflected shock waves in a pressurized driver single-pulse shock tube between 1100 and 1400 K. Identified stable species were MF, CO, CH 4 , C 2 H 4 , C 2 H 6 , C 2 H 2 , C 3 H 6 , allene, propyne, 1,3-butadiene, 1,2-butadiene, 1-butyne, 2-butyne, C 4 H 4 , C 4 H 2 , furan, CH 2 CO, and C 6 H 6 .
Besides experimental investigations, the thermal decomposition kinetics of furans has also been studied theoretically by quantum chemical methods to determine the enthalpies of formation and bond dissociation energies [9] , and also to calculate energetics and kinetics of a range of unimolecular decomposition pathways [10] .
Most recently, a chemical kinetic mechanism was proposed by Somers et al. [11] for the ignition of MF in a shock tube at atmospheric pressure for a limited range of conditions ( =0.5-2.0, T~1200-1800 K). They also determined laminar burning velocities using the heatflux method for mixtures of MF in air at equivalence ratios of 0.55 to 1.65, initial temperatures of 298 to 398 K, and atmospheric pressure. Their detailed chemical kinetic mechanism consists of 2059 reactions and 391 species. Also Wei et al. [12] have investigated the combustion of MF in lean and fuel-rich low-pressure premixed flames using tunable synchrotron vacuum ultraviolet photoionization and molecular-beam mass spectrometry, but concentration profiles were not reported.
As part of continuing efforts to improve the knowledge on the combustion chemistry of renewable fuels, Part II of this series, which started with furan combustion in Part I [13] , focuses on low-pressure premixed MF/oxygen/argon flames. Stable and radical intermediate species were detected and quantified with two independent techniques: electron-ionization molecular-beam mass spectrometry (EI-MBMS) in Bielefeld complemented by gas chromatography (GC) in Nancy to identify some isomers. Following the analysis of furan flames burnt under identical conditions, results of the simulation of the MF flames analyzed here are given using the same model as reported in Part I [13] .
Experimental results
In line with the setup and procedures in Part I [13] , laminar flat flames of MF have been stabilized on two burners of slightly different diameters (64 vs. 60 mm diameter) in Bielefeld and Nancy, respectively. A complete description of the experimental setups used in this study has been given in [13] [14] [15] [16] and will therefore not be repeated here.
The gases were regulated by calibrated mass-flow controllers with an error of less <5% since gas conversion factors were applied. In Bielefeld, the liquid MF fuel was metered by a syringe pump, evaporated at 373 K, and added to the gas stream. In Nancy, the liquid fuel flow rate was controlled by using a liquid mass-flow controller, mixed with argon and then evaporated by passing it through a CEM (Controlled Evaporator and Mixer). The temperature of this CEM was set at 373 K. The experimental conditions are presented in Table 1 . As in Part I [13] , EI-MBMS and online GC were used for the analysis of the reaction products. Analyses, evaluation data, and errors related to the measurements and the determination of calibration factors were extensively discussed previously [13] .
The present work could be considered as the first analysis of MF combustion in laminar premixed low-pressure flames with mole fraction profiles provided. Note that in the literature, only Wei et al. [12] studied MF combustion in laminar premixed low-pressure flames, without reporting species profiles, however.
The quantitative results for both equivalence ratios ( =1.0 and are summarized in Table   2 (EI-MBMS experiments) and the isomers of intermediate species are presented in Table 3 (GC analysis Nevertheless, the sums of maximum mole fractions of isomers measured by GC are in good agreement with the sums detected by MBMS, within the experimental uncertainty, as shown in Table 3 . Temperature was derived from the pressure in the first pumping stage of EI-MBMS by a procedure described in Part I [13] and calibrated at a height of h=25 mm above the burner from CO/CO 2 absorption measurements with a quantum cascade laser using tomographic reconstruction [13] . The temperature profile obtained this way traces the fate of a gas sample withdrawn by the probe and is therefore called "perturbed" temperature profile here. The open symbols at 43 mm are equilibrium values calculated from Gaseq [17] for the experimental flame temperatures. The trends of these major species profiles are generally similar to those seen in the furan flames in Part I [13] and their mole fractions at h=40 mm are very close to equilibrium. As expected, the mole fraction of CO 2 formed in the stoichiometric flame is larger than that in the fuel-rich flame, with the opposite trend noted for CO and H 2 .
Also, the CO profile exhibits a maximum in the =1.0 flame, while remaining constant along the post-flame region in the fuel-rich flame. Figure 2 and S1 display the mole fraction profiles of C 1 -C 2 hydrocarbon intermediates, from the EI-MBMS measurements, including CH 3 (methyl radical), CH 4 (methane), C 2 H 2 (acetylene), C 2 H 4 (ethene or ethylene), C 2 H 5 (ethyl radical), and C 2 H 6 (ethane). Acetylene is the most abundant one of all intermediates in the MF flames with maximum mole fractions of 3.3×10 -2 and 1.6×10 -2 in the fuel-rich and the stoichiometric flame, respectively. The observation that the peak mole fraction of C 2 H 2 is approximately doubles with increasing equivalence ratio from 1.0 to 1.7 (see Table 2 ) is also true for the furan flames in Part I [13] and the DMF flames in Part III [18] . Acetylene is considered to be the most representative soot precursor in a variety of hydrocarbon fuel flames because it contributes to the formation of benzene and aromatic rings, the first step toward the production of soot. CH 4 C 6 H 6 is the most abundant one of the selected C 6 intermediates. The GC analysis (Table 3) shows that 1,3-cyclopentadiene contributes for an important part (>80 %) to the two C 5 H 6 isomers. Among C 5 H 8 isomers, the maximum mole fractions of 1,3-pentadiene and isoprene are quite similar (~9.0×10 -5 ) and are much larger than that of 2-pentyne (~1.7×10 -5 , see Table 3 and Fig. 8 ). For the three C 5 H 10 isomers, the contribution of 2-pentene is about 64%, of 3-methyl-1-butene is about 33%, and of 1-pentene is about 3% (Table 3 and Fig. 8 Fig. 6 ) and, similarly, 3.1×10 -3 ( =1.0, Fig. S5 ). Note that furan has not been observed in the measurement of Wei et al. [12] , while in the present work furan was well identified by GC/MS. From the GC analysis ( (Table 3) shows that propanal is the most abundant one of the two isomers of C 3 H 6 O (propanal and acetone). C 4 H 6 O includes four isomers, namely 2-butenone, 2-butenal, isobutenal, and 2,3-dihydrofuran, with 2-butenone being the predominant one (maximum mole fraction of ~3.3×10 -4 ). This observation is similar to that for DMF flames [18] , but different to that in furan flames [13] , where 2-butenal was detected with the largest mole fraction.
Isobutanal is the most abundant compound of two C 4 H 8 O isomers (isobutanal and 2-butanone). 
Kinetic modeling
The PREMIX computer code from the CHEMKIN package [19] was used for the kinetic modeling to simulate the combustion of MF. It computes species concentrations from the balance between the net rate of production of each species by chemical reactions and the difference between the input and output flow rates of species. The detailed kinetic mechanism, presented in Part I [13] , was used. It is based on the combustion mechanism proposed previously for DMF [20] , which is built up following hierarchical construction principles. Only the MF sub-mechanism is described and discussed in this paper.
The sub-mechanism of MF is based on analogies with DMF and furan reactions. Lowpressure coefficients were used in the case of pressure-dependent rate coefficients. It is important to note that the high-pressure rate coefficients of Sirjean et al. [20] need to be used for simulation of data under high-pressure conditions. It includes unimolecular initiations, Hatom abstractions, H-atom additions to double bonds, and the subsequent decomposition of the created radicals. In the present work, the most important modification of the MF oxidation sub-mechanism described previously [20] is the addition of an H-atom addition reaction on carbon C2 (the carbon atom bearing the methyl group), yielding 1,3-butadiene (1,3-C 4 H 6 ) and the CHO radical (dashed arrow in Fig. 9 ). Figure 9 shows that H-additions at C2 of MF lead to the formation of the resonance-stabilized 2-methyl-2,3-dihydrofuran-3-yl (MFH; C 5 H 7 O) which decomposes then to: (i) furan and the CH 3 radical by ipso-addition (R167), (ii) the but-1-en-1-yl radical (C 4 H 7 -v, CH 3 ─CH 2 ─CH=CH) and CO (R168), and (iii) 1,3-butadiene (1,3-C 4 H 6 ) and the CHO radical (R169) through ring opening and several steps of internal H-atom transfer. The first two reactions (R167 and R168) have been considered by Sirjean et al. [20] , while the latter (R169) has been considered in the present study and has been added to the MF sub-mechanism. A new set of rate coefficients was applied for these H-atom addition reactions (reactions R167-R169). Their rate coefficients are presented in Table 4 and were estimated by analogy with the reactions of DMF at low pressure. The pre-exponential factors of reactions R168 and R169 were obtained using the following procedure: the sum was taken equal to the pre-exponential factor of the reaction DMF+H=CH 3 CO+1,3-C 4 H 6 , while the branching ratio was set equal to that in the mechanism of Somers et al. [11] at low pressure and high temperature.
The model used for flame simulations in this study consists of 305 species and 1472
reactions. The mechanism, thermodynamic and transport data are available in CHEMKIN format in the Supplemental Material of Part I [13] .
Discussion

1 Comparison between experimental and simulated results
Simulations have been performed using the PREMIX software from CHEMKIN [19] .
Perturbed temperature profiles from the experiment were used as input parameters without any shift between measurement and computation. For all these species, the energy scan at 10.5 eV has been used to minimize fragmentation (see Table 2 ). This disagreement is potentially owed to small experimental changes between runs. Since it approximately corresponds to the experimental uncertainty of <0.5 mm in determining the absolute position, the evaluation here has placed more emphasis on potential fragmentation interferences. Indeed, for this energy, the peak location of these species is slightly closer to the burner than at 11.25 and 12 eV, while all scans at different energies peak at the same position in the stoichiometric flame (see the CH 3 profile in Fig. 10 as an example).
The model tends to overpredict the maximum mole fractions of the radicals CH 3 in both flames and of the radical C 2 H 5 in the fuel-rich flame (Fig. 2) . Note that CH 4 ), is underpredicted by the model by a factor of 4-5. This underprediction has also been found in the furan simulation [13] . In EI-MBMS, C 3 H 4 is calibrated as propyne, since this species is the most abundant one of the two isomers of C 3 H 4 detected by GC (see Table 3 ). An agreement between EI-MBMS and GC measurements is observed for the maximum mole fraction of C 3 H 4 within the experimental error range. A good agreement of the propyne/allene ratio in the GC measurement (~2.6) and the simulation (~2.2) is found. However, the individual pC 3 H 4 and aC 3 H 4 mole fractions are underpredicted by the model. According to the rate of production (ROP) analysis, pC 3 H 4 is mainly formed through the following reaction pathway (rp1):
This reaction pathway shows that pC 3 H 4 can be formed from the 2-methylfuran-5-yl radical (M5F-2yl) via the formation of the CH 3 CCHCHCO radical (reactions R170 and R171). The M5F-2yl radical is produced directly from MF by H-abstractions from the C-atom in position 5
(see the definition of the carbon position in the structure of MF in Fig. 11a ). As presented in
Ref. [20] , the rate coefficients of the reactions R160-R163, R170, and R171 have been estimated by analogy with furan. Uncertainties in the rate coefficients of these reactions could explain a lack of propyne formation, leading also to an underestimated allene formation.
The overall performance of the model for the C4 species is better for MF than for furan under stoichiometric conditions. For the fuel-rich case, the agreement between model and experiment is significantly better for C 4 H 6 , while the predictions for other C4 species are of similar quality for both fuels. From the GC analysis, C 4 H 6 is predominantly 1,3-butadiene, and C 4 H 8 is to a large part 1-butene, as shown in Table 3 and Fig. 7 . While the mole fractions of these isomers are slightly different for the two stoichiometries, trends are quite similar, also to those noted for the furan fuel under the same conditions. As discussed in Section 2, the flame is closer to the burner in the GC experiment and the conditions for the two setups are not exactly identical (especially the size of sampling probes); thus the temperature profiles are different and the species profiles obtained by GC and MBMS are shifted. For C 4 H 6 and C 4 H 8 , the sums of all isomers measured by GC are, within the experimental uncertainty, in good agreement with the sums detected by MBMS. The different isomers are also quite well represented by the model regarding their relative importance ( Fig. 7 and Table 3 ).
The formation of C 5 H 6 is underpredicted in both flames. A good agreement between EI-MBMS and GC measurements (see Table 3 ) is observed for the maximum mole fraction of C 5 H 6 . The ROP analysis indicates that most of 1,3-C 5 H 6 is formed directly from the phenoxy radical (C 6 H 5 O#) or via the formation of the cyclopentadienyl radical (C 5 H 5 #).
Underestimating the formation of the C 6 H 5 O# radical has a consequence of too low 1,3-C 5 H 6 as well as phenol (C 6 H 6 O) formation, a trend that will be discussed below.
C 5 H 8 peak mole fractions differ by about a factor of 2.5 between MBMS and GC measurements, as demonstrated in Fig. 8 . The isomer composition shows that two compounds contribute predominantly to the total mole fraction, namely isoprene and 1,3-pentadiene; 2-pentyne is detected with somewhat lesser contribution. While the sum of isomers agrees well between MBMS and the simulation, only two isomers, namely 1,3-pentadiene and isoprene, show up as being important for the model, with no significant contribution from 2-pentyne.
The model overpredicts the formation of C 5 H 10 by about a factor of 1.4 and 2 for the stoichiometric and the fuel-rich flame, respectively. In EI-MBMS, C 5 H 10 is calibrated as 2-pentene, the most abundant one of the three isomers of C 5 H 10 detected by GC (see Fig. 8 and Table 3 ). The maximum mole fraction of C 5 H 10 quantified by EI-MBMS is about a factor of 2 lower than that measured by GC. This could be associated to the uncertainty in the EI-MBMS For comparison of the simulation with the present model, the detailed kinetic mechanism of Somers et al. [11] has also been used and the respective results have been included in Figs. 2-6 and S1-S5 in the Supplemental Material (dotted lines). Their mechanism consists of 391 species and 2059 reactions and has been validated against experimental ignition delay times and laminar burning velocities. This simulation was performed using the CHEMKIN-PRO package [21] . Overall, this mechanism also predicts the formation of intermediates in the flames studied here quite well. Similar results with both mechanisms are seen for CH 3 • • C 5 H 10 : this species is not included in the model of Somers et al. [11] , but the present model predicts the formation of this species reasonably well.
It should be stressed that such differences in results for individual species in a given flame situation may be interesting and could be analyzed separately in further detail; the main focus here, however, is to examine the overall performance of a comprehensive model versus systematic experiments in six flames of three fuels. We will thus concentrate on a reaction pathway analysis for MF combustion in the following.
Reaction pathways of MF combustion
For a more detailed analysis of the MF combustion chemistry, the main pathways of MF consumption under flame conditions are inspected using a reaction flow analysis with the present model. The structure and nomenclature of selected species relevant to the following discussion in this section are shown in Table 5 . Figure 12 displays the simulated main consumption paths of MF in the fuel-rich flame ( =1.7) at a distance of 2.97 mm from the burner, corresponding to a temperature of 1197 K and 80% conversion of MF. A sufficient conversion has been chosen so that the major ways of consumption of the primary products can be observed.
Under these conditions, an important part of MF is consumed by ipso-addition yielding furan (C 4 H 4 O) and the CH 3 radical (~43%). About 32% of MF is consumed by two other pathways through H-addition at the C2 position of MF, yielding the but-1-en-1-yl radical (C 4 H 7 -v, CH 3 ─CH 2 ─CH=CH) and CO (~27%) or 1,3-butadiene (1,3-C 4 H 6 ) and the CHO radical (~5%). In the MF molecule, the bond energy of the C6-H bond (of the methyl group) is much lower than that of the C-H bond in the furan ring and that of the C2-C6 bond, as shown in Fig. 11a . By H-abstractions from the methyl group of MF, about 23% of MF is consumed to form the resonance-stabilized 2-furylmethyl radical (furylCH 2 ), the structure of which is presented in Fig. 11b . H-abstraction from the C5 position of MF is a minor channel of consumption (only 2%) to yield the 2-methylfuran-5-yl radical (M5F-2yl). Some further reaction pathways, not included in Fig. 12 , also merit a brief discussion. is the most abundant one of the two isomers of C 4 H 8 detected by GC (see Table 3 Table 3 and Fig. 8 ), is formed from the combination reaction of CH 3 and n-C 4 H 5 radicals or of CH 3 and i-C 4 H 5 radicals, respectively. As seen in (Fig. 12 ). Ketene (C 2 H 2 O) which is remarkably well predicted, similarly to results in [13] Fig. 12 , furan and the n-C 4 H 5 radical are formed directly from MF. The simulated acrolein profile in MF flames is lower by a factor of 2 compared to experimental mole fractions (Fig. 5) . Note that the addition of OH to MF could lead to the formation of oxygenated products, with acrolein being one of the potential products. Remember that OH-additions on DMF and furan are included in the sub-mechanism based on the work of Sirjean et al. [20] and Tian et al. [27] . Because of their symmetry, DMF and furan feature only one single resonance-stabilized adduct, which was assumed to yield one major exit channel in these previous studies. The asymmetry of the MF molecule would lead to two resonance-stabilized adducts that can further decompose into smaller fragments. Therefore, the overall OH-addition process requires estimating the branching ratio of this process, which is beyond the scope of this work. We attempted to determine the influence of this process on MF conversion by adding the reaction MF+OH=>acrolein+CH 3 CO by analogy with the equivalent reaction for furan (the simulated results using the model with this OH-addition to MF are not presented in this paper). This reaction would constitute an upper limit case where the branching fraction is 1 for the acrolein production channel. For the simulation conditions of Fig. 12 , we observed that MF consumption by OH-addition was less than 5%. All species profiles remained almost unchanged except for the acrolein simulated mole fraction that was multiplied by a factor of 4, therefore overestimating the experimental profile by a factor of 2. This result is consistent with complex pressure-and temperature-dependent branching ratios for the MF+OH process and was neglected here to avoid additional complexity and uncertainty in the model. The formation of these species was already discussed above, where a strong link between the added reactions and the formation of these species was shown.
Summary and conclusion
The combustion of 2-methylfuran has been investigated in detail under stoichiometric and fuel-rich premixed low-pressure flame conditions. From a combination of EI-MBMS and GC, a large number of combustion products was identified and quantified. Mole fraction profiles of about 60 species were measured. A detailed kinetic model consisting of 305 species and 1472 reactions was developed, based on that of Sirjean et al. [20] . This single mechanism, previously used to predict the structure of furan flames [13] , was also employed for 2-methylfuran combustion in this work. Good general agreement between experimental and modeling results for the major combustion products as well as for many intermediate species was observed. This quite satisfactory agreement refers to most profile shapes as well as to the majority of quantitative mole fraction results within experimental uncertainty. The proposed kinetic model was used to delineate the main routes of 2-methylfuran consumption, and the importance of the furan sub-mechanism in MF combustion emphasizes the adopted strategy to simulate both fuels with a single reaction mechanism.
For comparison purposes, simulations with the model of Somers et al. [11] were also presented and some differences were noted. These can be linked to the use of different submechanisms of MF oxidation and of different reaction bases for the species higher than C 2 .
Overall, a better agreement is obtained with our mechanism as it can be seen in the MF flames of both stoichiometries.
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